nger. Pyruvate improves cerebral metabolism during hemorrhagic shock. Am J Physiol Heart Circ Physiol 281: H854-H864, 2001.-Pyruvate (PYR) improves cellular and organ function hypoxia and ischemia by stabilizing the reduced nicotinamide adenine dinucleotide redox state and cytosolic ATP phosphorylation potential. In this in vivo study, we evaluated the effects of intravenous pyruvate on neocortical function, indexes of the cytosolic redox state, cellular energy state, and ischemia during a prolonged (4 h) controlled arterial hemorrhage (40 mmHg) in swine. Thirty minutes after the onset of hemorrhagic shock, sodium PYR (n ϭ 8) was infused (0.5 g⅐kg Ϫ1 ⅐h
) to attain arterial levels of 5 mM. The volume and osmotic effects were matched with 10% NaCl [hypertonic saline (HTS)] (n ϭ 8) or 0.9% NaCl [normal saline (NS)] (n ϭ 8). During the hemorrhage protocol, the time to peak hemorrhage volume was significantly delayed in the PYR group compared with the HTS and NS groups (94 Ϯ 5 vs. 73 Ϯ 6 and 72 Ϯ 4 min, P Ͻ 0.05). In addition to the early onset of the decompensatory phase of hemorrhagic shock, the complete return of the hemorrhage volume during decompensatory shock resulted in the death of five and four animals, respectively, in the HTS and NS groups. In contrast, in the PYR group, reinfusion of the hemorrhage volume was slower and all animals survived the 4-h hemorrhage protocol. During hemorrhage, the PYR group also exhibited improved cerebral cortical metabolic and function status. PYR slowed and reduced the rise in neocortical microdialysis levels of adenosine, inosine, and hypoxanthine and delayed the loss of cerebral cortical biopsy ATP and phosphocreatine content. This improvement in energetic status was evident in the improved preservation of the electrocorticogram in the PYR group. PYR also prevented the eightfold increase in the excitotoxic amino acid glutamate observed in the HTS group. The findings show that PYR administered after the onset of hemorrhagic shock markedly improves cerebral metabolic and functional status for at least 4 h. microdialysis; glutamate; pyruvic acid SINCE THE 1960s, early and aggressive fluid administration resuscitation has become the cornerstone of current trauma management. However, large volumes of resuscitation fluids can be associated with increased blood loss and poor outcome during uncontrolled hemorrhage. This is supported by both animal studies and a recent prospective study (2, 6, 42) , in which survival was improved and morbidity decreased in trauma patients when resuscitation was delayed until definitive surgical treatment was available. Further work (6, 42) has shown that small volume resuscitation with moderate increases in blood pressure and O 2 delivery is more efficacious than aggressive resuscitation strategies. However, a system of rapid surgical stabilization and reversal of hemorrhagic hypotension is needed to restore organ perfusion and prevent multiple organ failure (3) . Thus, in situations of delayed treatment, the risk of exacerbating hemorrhage must be balanced against inadequate tissue perfusion, tissue hypoxia, and ischemic injury that occur during severe hypotension. Whereas permissive hypotension during uncontrolled hemorrhage decreases blood loss, survival may not be enhanced due to the deleterious cerebral metabolic effects of prolonged hypotension (19, 29, 31) . Therefore, a resuscitation solution that would enhance cellular function during volume-pressure-limited resuscitation regimens without an increase in blood loss would be of major benefit to trauma victims. Our initial study (34) , targeted at enhancing cellular metabolic status during hemorrhagic hypotension, showed that the monocarboxylate pyruvate (PYR) administered before the onset of hemorrhagic shock, enhances cerebral O 2 consumption, delays the microdialysate rise in ATP breakdown product, and delays deterioration in the electrocortcogram (ECOG).
The current study expands on our previous work (34) , which demonstrated that the administration of PYR before the onset of hemorrhagic shock improved the cerebral metabolic and functional status. However, the definitive interpretation of those results was limited by the study design, in which the hemorrhage volume (HV) was not reinfused and the animals were allowed to die during the decompensatory phase of hemorrhagic shock. Thus we were unable to determine if the differences in cerebral metabolic parameters were primarily related to the effects of PYR or differences in cerebral perfusion pressure. In the current study, we tested the hypothesis that PYR can improve cerebral metabolic status when it is administered after the onset of hemorrhagic shock. To evaluate this hypothesis, we implemented a computer-assisted hemorrhage system to maintain the mean arterial pressure (MAP) ϳ40 mmHg and simulated prolonged hypotensive hemorrhagic shock. The main parameters used to characterize the functional and metabolic status of the cerebral cortex were the following: 1) the ECOG, 2) microdialysate parameters of ATP catabolism and glutamate, 3) cortical tissue content of phosphocreatine (PCr) and ATP, and 4) the lactate-to-PYR (L/P) ratio of plasma and the microdialysate. 
METHODS

Following
Animal Preparation and Monitoring
Anesthesia and hemodynamic monitoring procedures. Swine were fasted overnight but were given free access to water. In the morning, the swine were sedated with an intramuscular injection of ketamine (250 mg) and were anesthetized with halothane by nose cone to facilitate tracheal intubation. During surgical preparation, anesthesia was maintained with halothane (1.0% end-tidal concentration), while the animals spontaneously ventilated with a mixture of 25% O 2-75% N2 through a semiclosed circle system (Narkomed 2B, North American Drä ger; Telford, PA). Inspired and expired O2, CO2, and halothane concentrations were continuously monitored (model M1026A gas analyzer and model 68 clinical monitor, Hewlett-Packard; Andover, MA). The right external jugular vein was isolated, an 8.5-Fr introducer sheath was inserted, and a continuous thermodilution cardiac output pulmonary artery catheter was advanced through the sheath to measure pulmonary artery pressure and cardiac output (QVue, Abbott Critical Care; N. Chicago, IL). Both femoral arteries and a femoral vein were isolated and cannulated with 8.5-Fr introducer sheaths. A micromanometer (model MPC-500, Millar Instruments; Houston, TX) was inserted into the right femoral artery and advanced to the midthoracic aorta for the measurement of MAP. The second femoral artery sheath was used for controlled arterial hemorrhage and the femoral vein for infusions. Physiological data were displayed on an eight-channel clinical monitor (model 68, Hewlett-Packard), and the analog outputs were digitized and stored on a computer hard disk.
Craniectomy, ECOG, and microdialysis instrumentation. After hemodynamic instrumentation was performed, the swine were placed in the ventral recumbent position and the cranium was stabilized. The scalp and galea were reflected, and a wide craniectomy was performed (4 cm ϫ 6 cm). Bilateral gold cup electrodes were placed on the surface of the dura (Fp 1,2 and C3,4) for recording of a two-channel bipolar ECOG. The ECOGs were recorded (model 1000, Aspect; Natick, MA), filtered (1-30 Hz), digitized, and stored on a hard disk for review and analysis. Two microdialysis probes (model CMA-10, CMA/Microdialysis; Acton, MA) of concentric design (polycarbonate fiber length 4 mm, diameter 0.5 mm, 20,000 Dal molecular cutoff) were inserted 6 mm into the left frontal neocortex. The location of insertion was 1.5 cm left of the sagittal sinus and 2 and 2.5 cm anterior to the coronal suture. After the probes were inserted, the probes were perfused with artificial cerebrospinal fluid (155 mM Na ϩ , 1.1 mM Ca 2ϩ , 0.83 mM Mg 2ϩ , and 2.9 mM K ϩ , pH 7.4) at 2 l/min using a precision multisyringe pump (model 102, CMA/Microdialysis) as previously described (34) . Brain temperature was monitored by an epidural thermistor and intracranial pressure was monitored by a micromanometer (model MPC-500, Millar Instruments) inserted under the exposed dura.
Experimental Protocol
Computer-controlled arterial hemorrhage. One hour before hemorrhage was initiated, the expired halothane concentration was reduced to 0.8%, and the animals were allowed to spontaneously ventilate. Controlled arterial hemorrhage was automated to ensure reproducibility. In brief, a customized computer program (LabView version 5, National Instruments; Austin, TX) monitored the MAP. With the use of a proportional control feedback algorithm, the program controlled the speed and direction of a partial occlusion roller pump (MasterFlex Digital Console Drive, Cole-Parmer Instruments; Chicago, IL) that was connected to a femoral arterial cannula. At the start of the hemorrhage period, the computer program initiated blood withdrawal to decrease the MAP to 40 mmHg over 10 min. During hemorrhage, the blood was stored in a closed reservoir primed with sodium citrate (1.66 g) and porcine heparin (3,000 U) to inhibit clot formation. After the initial 10-min rapid hemorrhage ended, the program maintained the MAP at 40 mmHg either by withdrawal or by reinfusion of the hemorrhage blood as necessary. During the protocol, the volume in the reservoir was gravimetrically measured (model LA4200, Sartorius; Edgewood, NY) and the data output stored on computer hard disk with the time-stamped MAP. With the exception of the protocol infusions of PYR, HTS, or NS, only the blood withdrawn to induce hypotension was administered to maintain the MAP at 40 mmHg. During the decompensatory phase of hemorrhagic shock, if all of the hemorrhage volume was reinfused, no further therapy was used to support the MAP. Death was defined as a MAP Ͻ10 mmHg with cessation of spontaneous respiratory effort.
PYR and HTS infusion protocols. The animals were administered one of three treatments. Group 1 was administered a 100 mg/kg bolus of 30% sodium pyruvate (pH titrated to 7.4 with 1 N NaOH) via the femoral vein, followed by 0.5 g ⅐ kg Ϫ1 ⅐ h Ϫ1 for the duration of the protocol. To control for the volume and osmolarity effects of the HTS pyruvate, group 2 was administered an equivalent volume of HTS, and group 3 an equivalent volume of NS.
Analytical sampling procedures. Microdialysis samples were continuously collected over 30-min periods (60-l aliquots) by an automated microfraction collector (model CMA142, CMA/Microdialysis). All analytical tests were performed within 12 h (lactate, PYR, and glutamate, followed by high-performance liquid chromatography analysis for ATP degradation products). One hour after the microdialysis probes were inserted, arterial blood was sampled every 30 min for measurement of pH, base excess, blood gases, and hemoglobin content (models IL 1610 and IL 682 CoOx, Instrumentation Laboratories; Lexington, KY). Heparinized blood samples for electrolytes (Na, K, Cl, and HCO3), osmolality, lactate, and PYR were obtained every 30 min and were immediately centrifuged.
Cerebral cortical tissue sampling. Tissue samples were obtained from the cerebral cortex immediately before and 60 and 120 min after the start of the hemorrhage protocol (H0, H60, and H120). To ensure that cerebral cortical tissue was obtained at similar perfusion pressures, the final biopsy (Hfinal) was made at the end of the protocol (H240) or at the completion of the HV reinfusion if it occurred before H240. For the cerebral cortical biopsies, a small incision in the dura was made. In general, the cortical biopsy sites were from gyri located 1 cm lateral to the sagittal sinus and 1.5 cm anterior or posterior to the coronal suture with minor adjustments as necessary to avoid cortical vessels. With the use of these references, the cortical biopsies were taken in order from right anterior (H0), right posterior (H60), left posterior (H120), and finally left anterior (Hfinal) adjacent to the microdialysis probes. Biopsies were performed with 8-mm cortical biopsy forceps that were precooled to 0°C. The cortical biopsies (Ϸ100 mg each) were rapidly immersed (Ͻ0.5 s) in liquid isopentane at Յ80°C. After the biopsy was completed, cortical bleeding was controlled with a thrombin and collagen matrix. After the tissue was frozen, it was transferred to cryovials chilled with liquid nitrogen and was stored at Ϫ80°C for future analysis.
Analytical Methods
ATP, PCr, and creatine analysis of cerebral cortical tissue.
Cortical tissue biopsies were transferred from storage to a cooling device (Ϫ20°C; Polar Block II, Boekel Scientific; Feasterville, PA) and homogenized with ice-cold perchloric acid (0.5 ml, 0.6 N) by using a tissue tearor (Biospec Products; Racine, WI). After the tissues were homogenized, the samples were centrifuged at 15,000 g for 10 min at Ϫ4°C, and the supernatant was decanted and neutralized with 0.2 ml 1 N KOH and KHCO3 for a final pH of 6.5-7.0 at Ϫ4°C. After 20 min, the KCLO4 precipitate was removed by centrifugation (Ϫ4°C), and an aliquot of the extract was assayed for ATP, PCr, and creatine by enzymatic spectrophotometric methods.
Microdialysis calibration procedures. In vitro relative recovery for each microdialysis probe was determined in triplicate before and after each experiment. In brief, the probes were immersed in a calibration standard solution at 38.5°C and perfused with artificial cerebrospinal fluid (34) . The calibration standards contained hypoxanthine (HX; 10 M), insosine (Ino; 10 M), adenosine (Ado;10 M), glutamate (10 M), lactate (10 mM), and PYR (2 mM) in double-distilled deionized water. The concentrations of the nondialyzed standards were compared with the concentrations of the in vitro microdialysis samples to determine the relative recovery for each component. The relative recovery for each compound was used to estimate the in vivo extracellular concentration of the components in the immediate vicinity of the probes.
Lactate, PYR, and glutamate analysis. Lactate and PYR were measured in serum samples and the microdialysate. In addition, the microdialysis samples were also analyzed for glutamate content by using an analyzer (model 600, CMA/ Microdialysis). In brief, the analyzer enzymatically converts lactate, PYR, and glutamate to H 2O2 peroxidase catalyses, a reaction between H2O2 and other substrates to form the red-violet-colored quinonediimine. The rate of formation of the quinonediimine is measured at 546 nm and is proportional to the lactate, PYR, and glutamate concentrations.
High-performance liquid chromatography analysis of purines. Analysis of HX, Ino, and Ado in the microdialysate was performed by using a photodiode array reverse phase highperformance liquid chromatography technique (34) . In brief, neocortical microdialysis samples (30 l) were automatically injected into a heated C-18 column (30°C) by a refrigerated (4°C) autosampler (model 2690 separation module; Waters Associates; Milford, MA). Chromatograms and absorbance data from the photodiode array (model 996, Waters Associates) were recorded and analyzed with the use of Millenium 32 software (Waters Associates). Peak identification and quantification were accomplished by matching the spectral signal of the peaks, peak purity, and peak areas to the spectral signal, and peak areas generated for the injected standards.
ECOG analysis. The ECOG was analyzed using a fivepoint visual scale previously reported (34) . The 10-s ECOG epochs from each measurement period were reviewed by an investigator blinded to animal treatment status. The ECOG was assigned a numeric score: 5, unchanged from baseline; 4, mildly depressed (25%) amplitude and frequency compared with baseline; 3, moderate depression (50%) of amplitude and frequency from baseline; 2, markedly depressed (75%) amplitude and frequency from baseline; and 1, burst suppression or an isoelectric ECOG.
Data Presentation and Statistics
All data are presented as means Ϯ SE or median with range in the text, tables, and figures. Differences among the groups for nonrecurring measurements were assessed with the use of analysis of variance. Differences among and within groups over the course of the experiment were determined by analysis of variance among groups for the dependent variable (i.e., MAP and cerebral blood flow) with repeated measures over time. Within-and among-groups testing was accompanied by Tukey's honestly significant difference multiplerange test to correct for multiple comparisons. Nonparametric analysis was performed on the ECOG data. Values were considered statistically different when P Ͻ 0.05 after correction for multiple comparisons.
RESULTS
The animal weights in the PYR, HTS, and NS groups were similar: 32.0 Ϯ 0.7, 31.6 Ϯ 0.8, and 31.8 Ϯ 1.1 kg, respectively. Thirty minutes after the start of controlled arterial hemorrhage, the bolus and infusion of PYR raised the arterial PYR concentration from 0.09 Ϯ 0.01 mM at H 30 to 4.58 Ϯ 0.83 mM at H 60 (Fig. 1) . In the HTS and NS groups, the PYR levels at H 30 were 0.11 Ϯ 0.02 and 0.08 Ϯ 0.01 mM and rose to only 0.39 Ϯ 0.03 and 0.38 Ϯ 0.02 mM during hemorrhage (Fig. 1) . Table 1 and Fig. 2 show the accuracy and precision of our automated hemorrhage system for the induction and maintenance of the target MAP of 40 mmHg. In addition, the intradural pressure, and thus the cerebral perfusion pressure, were similar in all groups before and during the experiment (Table 1 ). Figure 2 also displays the accumulation and reinfusion of the hemorrhage volume (HV) during the controlled arterial hemorrhage protocol. There was no significant difference in the peak HV (45.7 Ϯ 1.5 vs. 41.9 Ϯ 2.1 ml/kg) between the PYR and HTS treatments. However, the peak HV was significantly lower in the NS group 37.8 Ϯ 1.8 ml/kg (P Ͻ 0.05). This difference is attributed to the mobilization of extravascular water to expand and reconstitute the intravascular volume. More importantly, the PYR treatment was more effective in delaying cardiovascular decompensation as evidenced by the increased time to the peak HV (PHV; 94 Ϯ 5 vs. 73 Ϯ 6 and 72 Ϯ 4 min, P Ͻ 0.05). The beneficial effects of PYR during the decompensatory phase of hemorrhagic shock are evident in the decrease in HV return (Fig. 2, Table 1 ) and the cardiovascular profiles during the last hours of the hemorrhage. After H 150 , the HTS and NS groups were unable to increase their cardiac index (CI), despite continued infusion of the HV with increases in the CVP. This inability to augment the CI to help maintain the MAP resulted in complete reinfusion of the HV, cardiovascular collapse, and death in five of the eight HTS and four of the eight NS animals. In contrast, despite the smaller amount of HV return, the PYR-treated animals suffered no animal deaths throughout the protocol. Table 2 details changes in laboratory measurements including the systemic L/P ratio. The increases in osmolarity and decreases in hemoglobin during the protocol were similar in the PYR and HTS groups and significantly different from Values are means Ϯ SE. HV, hemorrhage volume; MAP, mean arterial pressure; CVP, central venous pressure; IDP, intradural pressure; HTS, 10% NaCl treatment; NS, 0.9% NaCl treatment; and CI, cardiac index. Initial hemodynamic measurements were made before the start of the controlled arterial hemorrhage (H). Pyruvate (10%) or the 0.9% NaCl treatments were started at H30, which was 30 min after the start of hemorrhage. * P Ͻ 0.05 compared with the pyruvate group for the time-matched data. Fig. 1 . Arterial pyruvate (PYR) levels (means Ϯ SE) before and during controlled hemorrhage. PYR was infused (100 mg/kg, followed by 0.5 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ) starting 30 min after the onset of the hemorrhage protocol. Control groups were administered either 10% hypertonic NaCl [10% hypertonic saline (HTS)] or 0.9% isotonic NaCl [0.9% normal saline (NS)] to control for the volume, sodium, and osmotic effects.
Hemorrhage Model and Physiological Parameters
the volume infusion of the NS alone. These data, in conjunction with the similar CVPs and slower HV return, indicate the PYR effects were not related to volume or osmotic effects alone. The laboratory data also indicate that the severity of hemorrhage before the start of therapy was similar due to similar increases in lactate and L/P ratio and decreases in base excess 30 min after the start of hemorrhage (Table 2) . However, Fig. 2 . A computerized hemorrhage system provided tight and equivalent control of blood withdrawal before the start of the PYR, 10% HTS, and 0.9% NS infusions. Mean arterial pressure (MAP) was controlled throughout the protocol by continued blood withdrawal until the peak hemorrhage volume (PHV) was reached. After PHV was attained, blood was returned to support MAP. When no autologous blood was available for infusion, the animals were allowed to spontaneously decompensate and die. Although there was no significant difference in the PHV in the PYR and 10% HTS groups (45.7 Ϯ 1.5 vs. 41.9 Ϯ 2.1 ml/kg, respectively), the PHV was significantly lower in the NS group (37.8 Ϯ 1.8 ml/kg; P Ͻ 0.05). More importantly, there was also a delay in the time to reach the PHV in the PYR group (94.5 Ϯ 5 vs. 73 Ϯ 6 min, and 72 Ϯ 4 min, P Ͻ 0.05). In addition to the delay in PHV, the rate of reinfusion was slower in the PYR group. This difference resulted in complete HV infusion and death in 5 animals in the HTS group and 4 in the NS group compared with 100% survival in the PYR group. after the initiation of the PYR, HTS, and NS treatments, there were significant differences in laboratory parameters among the groups for the remainder of the protocol. In the HTS and NS groups there were continued significant increases in lactate and the L/P ratio and decreases in base excess and pH. In comparison, although the PYR treatment caused lactate to increase two times higher than the other groups, the L/P ratio, a more relevant indicator of metabolic redox status and stress, was decreased to one-half of the initial value. These data indicate that the delay in decompensation and improved cardiovascular status by PYR was not due to the potential deleterious effects of HTS on the acid base status of the animals. Table 3 details the differences among the groups for the cerebral cortical high-energy phosphate indices as judged by the ATP, PCr, and creatine contents measured in the cerebral cortical biopsies. The basal levels of ATP, PCr, and creatine before hemorrhage (H 0 ) were similar for both groups. During the hemorrhage protocol, these parameters remained at the basal levels for the first 120 min of hemorrhage in the PYR group suggesting energetic stability of the cerebral cortex. In contrast, the animals administered HTS or NS demonstrated a marked catabolic profile as indicated by the progressive decline in ATP and PCr content with a concomitant rise in creatine. Whereas the results from the final biopsies revealed similar PCr and creatine content for all groups, there was still a marked difference in the ATP content. In the PYR animals, the ATP content was still 50% of the basal level. This was threefold higher than in the HTS or NS groups (8.5 Ϯ 2.4 mol/g dry wt vs. 2.9 Ϯ 0.9 and 2.8 Ϯ 0.04 mol/g dry wt, P Ͻ 0.05) and suggests substantial preservation of the energetic status.
PYR Effects on High-Energy Phosphates of Cerebral Cortical Biopsies
PYR Effects on Cortical Microdialysate Adenosine Purines, L/P ratio, and Glutamate
Figures 3 and 4 illustrate the cerebral cortical metabolic differences among the treatment groups in terms of the ATP adenylate breakdown products (HX ϩ Ino ϩ Ado), the L/P ratio, and glutamate accumulation. These indexes of cortical energetics (adenosine purines), redox status (L/P ratio), and neuronal metabolic failure (glutamate) were measured in the microdialysates. Figure 3A shows that 30 min after the start of the PYR treatment (H 60 ), there was both a delay and Fig. 3 . A: microdialysis accumulation of the adenylate end products of ATP catabolism. Administration of PYR had a significant effect in delaying and attenuating the rise in these parameters indicating significant stabilization of the cerebral cortical energetics. B: changes in the microdialysis lactate-to-PYR (L/P) ratio during the protocol. Increases in the 10% HTS-and 0.9% NS-treated animals were due to a rapid and significant increase in lactate. Values are means Ϯ SE. Initial cortical tissue biopsies were made immediately before the start of the controlled arterial hemorrhage. Pyruvate (10%) or 0.9% NaCl treatments were started at H30. Final biopsies (Hfinal) were obtained 240 min after the start of hemorrhage if the animal did not require complete infusion of the HV to maintain a MAP of 40 mmHg. If all of the HV was infused before 240 min, the biopsy was obtained at that time to ensure equivalent perfusion pressures in all animals at the time of biopsy. * P Ͻ 0.05 compared to the pyruvate group for the time matched data (ANOVA).
attenuation of the accumulation of the adenylate catabolites, Ado, Ino, and HX, which persisted throughout the protocol. This finding is consistent with the apparent stability of the cortical biopsy ATP content in this group (Table 4 ). Figure 3B shows the results for the microdialysate L/P ratio measurements. The lactate, PYR, and L/P ratio were similar in all groups before (H 0 ) and 30 min after the start of hemorrhage (H 30 , before treatment). However, the PYR infusion increased the microdialysate PYR levels from 0.09 to 0.43 mM during the experiment compared with the increases from 0.10 and 0.08 to 0.13 and 0.12 mM in the HTS and NS animals, respectively (P Ͻ 0.05). Compared with the HTS and NS control groups, this rise in PYR resulted in a significantly lower and more stable L/P ratio until near the end of the protocol (H 240 ). Associated with the delayed decrease in ATP and PCr contents and the attenuated rise of the microdialysis adenosine purines in the PYR group was the marked delay in microdialysis accumulation of the excitotoxic amino acid glutamate (Fig. 4) . Taken together, these data suggest significantly improved cerebral cortical metabolic and energetic status and ischemic tolerance throughout the protocol secondary to the administration of PYR (5 mM; Fig. 1 ). Table 4 summarizes the results from the ECOG data analysis. The ECOG scores were consistently higher in the PYR group than in the HTS group for the final 2 h of the hemorrhagic shock protocol. These data indicate that despite the severe decreases in cerebral perfusion pressure induced by the hemorrhagic hypotension, PYR administration prevented neuronal deenergization, maintained electrical function (ECOG), and cellular membrane integrity (decreased glutamate release).
PYR Effects on Cerebral Cortical Electrophysiological Status
DISCUSSION
The primary findings in the present study are that PYR (5 mM) administered 30 min after the start of rapid severe controlled arterial hemorrhage in swine preserved cerebral cortical metabolic, energetic, and functional status as indicated by a delay and attenuation in 1) the microdialysate rise in ATP breakdown products, 2) cortical tissue ATP and PCr depletion, 3) the deterioration in the ECOG, and 4) prevention of major release of the excitatory amino acid, glutamate. These results are consistent with the findings of our previous study in which PYR was administered before the onset of hemorrhagic shock and support the hypothesis that the administration of appropriate metabolically active substrates has the potential to attenuate the deleterious effects of hypotension during severe hemorrhagic shock. Values are presented as the median with range. H0 was immediately before the initiation of hemorrhage (H). Changes in the electrocorticograms (ECOG) from baseline were graded using a 5-point visual scale. Ten-second ECOG epochs recorded at the end of each measurement period were reviewed by an investigator blinded to animal treatment as detailed in METHODS. *P Ͻ 0.05 compared with the pyruvate group for the time-matched data. Fig. 4 . Microdialysis accumulation of the excitatory amino acid glutamate for the PYR-, 10% HTS-, and 0.9% NS-treated animals. Levels of glutamate were significantly higher in the 10% HTS and 0.9% NS groups from 150 min after the start of hemorrhage until the end of the experiment.
Automated Isobaric Controlled Arterial Hemorrhage Model
There are numerous models, both controlled and uncontrolled, for inducing experimental hemorrhagic shock. The controlled isobaric model attempts to maintain the hemorrhage pressure at a set point and uses blood withdrawal during compensated shock or reinfusion during the decompensatory phase to achieve that goal. In our previous study (34) of PYR during controlled arterial hemorrhage at 40 mmHg, we did not intervene to support the MAP because we intended to evaluate the efficacy and mechanism of PYR in delaying death during the decompensatory phase of hemorrhagic shock. In that study, it was evident that spontaneous loss of vascular tone resulted in a decrease in the MAP. The decrease in perfusion pressure caused severe cerebral and cardiac dysfunction leading to the death of the animals. In addition to PYR delaying the onset of spontaneous vascular decompensation, the data suggested that cerebral metabolic and functional status was also improved by PYR. However, because of the differences in the time to vascular decompensation, the cerebral perfusion pressure was different among groups at the measurement times, and the data suggested but did not conclusively support an improvement in cerebral metabolic status. Because this investigation is primarily focused on the ischemic metabolic changes that occur during hemorrhage, we eliminated the confounding variable of perfusion pressure during the untreated decompensatory phase of hemorrhage by implementing an automated isobaric controlled arterial hemorrhage and reinfusion system to maintain the MAP at 40 mmHg for 4 h. This computerized application of the isobaric controlled arterial hemorrhage model allows for extended control of the critical variable of perfusion pressure with minimal investigator intervention. In brief, the custom virtual instrument created in Labview monitors the difference in the target and actual MAP. By using a proportional feedback control algorithm, the program automatically controls the speed and direction of the pump to minimize the difference in the target and actual MAP. The present data (Fig. 1) demonstrate that the system is capable of tight control of the hemorrhage protocol with minimal variability in reaching and maintaining the target MAP. Because of this tight control of the MAP, the cerebral perfusion pressure was virtually constant throughout the experiment (Table 1) .
PYR Improvement in Cerebral Energy Parameters
In the current study, the animals administered the HTS (10% NaCl) and NS (0.9% NaCl) controls exhibited significant neocortical deenergization during the 4-h controlled arterial hemorrhage protocol. During hypotension, the microdialysis data from that group shows a rapid increase in the dialysate and, hence, interstitial Ado, Ido, and HX (Fig. 3A) . These parameters reflect substantial neocortical ATP degradation and are predictive of poor outcome (14, 28, 44) . In addition, the microdialysis accumulation of cortical ATP degradation products was mirrored in the progressive decline in cerebral biopsy high-energy phosphate content (ATP and PCr; see Table 3 ) and massive accumulation of creatine over the 4-h protocol. In marked contrast, in the PYR animals the cerebral energetic parameters were strikingly improved during the severe prolonged hemorrhagic hypotension. At 4 h, the cerebral biopsy ATP was still ϳ50% of control and the depletion of the PCr pool was attenuated for more than 2 h (Table 3 ). This was associated with both a delay and attenuation in the dialysate purine accumulation (Fig. 3A) . The improved high-energy phosphate stability and reduced rate of ATP catabolism was associated with increased cortical PYR availability. In the PYR animals, the microdialysate PYR levels were increased 2.5 times (0.09 Ϯ 0.03 to 0.43 Ϯ 0.02 mM) compared with minimal rise in the HTS and NS control groups (Fig. 1) . This indicates that the intravenous PYR was able to cross the blood-brain barrier during hemorrhage and markedly helped stabilize the cerebral neocortical energetics.
Because the critical variables of cerebral temperature and perfusion pressure (Table 1) were closely controlled, it is evident that the PYR had a substantial metabolic enhancing effect that resulted in the attenuation in release of the toxic excitatory amino acid, glutamate (Fig. 4) , and the delayed deterioration in the indicator of electrophysiologic function, the ECOG (Table 4). In the PYR-treated animals, compared with the basal levels, there was a virtual absence of dialysis glutamate accumulation despite the prolonged severe hypotension. This was in stark contrast to the approximate eightfold accumulation of this excitotoxic amino acid in the HTS and NS controls (Fig. 4) . The improvement in energetic and neuronal metabolic conditions in the PYR animals during shock was also reflected in the ECOG scores. In the PYR-treated animals, decreases in ECOG activity were limited to 50%, whereas there was a 75-100% decrease in ECOG activity in many of the HTS and NS-treated animals (Table 4) .
Potential Mechanisms of Cerebral Metabolic Stabilization by PYR
During severe decreases in perfusion beyond the range of autoregulation, glycolysis becomes an important source of ATP due to the decrease in mitochondrial oxidative phosphorylation. However, the accumulation of lactate, reduced nicotinamide adenine dinucleotide (NADH), and H ϩ ions may eventually inhibit glycolysis at the level of glyceraldehyde-3-phosphate dehydrogenate (GAPDH). The continued consumption of high-energy phosphates results in depletion of the PCr and ATP pools and a concomitant a rise in extracellular Ado, Ino, and HX (44) . If severe enough, this metabolic deterioration decreases the ability to maintain cellular or ionic homeostasis, and, in the cerebral cortex, ultimately results in the release of glutamate (13, 30, 39) .
In this study, the PYR-treated animals, in contrast to the HTS and NS controls, show a profile of metabolic preservation and a near absence of glutamate release. These definitively different metabolic profiles are most likely a consequence of metabolic stabilization from the PYR infusion. Furthermore, these results are consistent with in vitro data which show that PYR can be used as a primary metabolic substrate and can prolong neuronal viability in cultures (20, 27) improve neurophysiological function in isolated nervous tissue (20) , and protects neurons from death induced by H 2 O 2 (12) and ischemia (27) .
In this study, the neuroprotective features of PYR can possibly be attributed to its improvement of neuronal energy status (Table 3) . Our microdialysis data suggest that PYR crosses the blood-brain barrier and thus is available for use by neuronal tissue to enhance metabolic stability during the prolonged hemorrhagic hypotension. Furthermore, the increased microdialysis PYR levels are consistent with the current knowledge of the monocarboxylate transport (MCT) system and alternative substrate utilization by the brain (10, 16, 17, 32) . Normally, glucose is the major fuel for oxidative and glycolytic metabolism in the brain. However, during periods of decreased glucose availability, the brain can use monocarboxylates as an alternative fuel source (18) . Whereas PYR can serve as the sole energy source of neuronal cells in culture, PYR utilization in vivo requires transport across the blood-brain barrier and subsequent delivery to the neurons. Because of the unique properties of the blood-brain barrier, neuronal cells are believed to be dependent on astrocytes for intercellular shuttling of metabolic substrates from the capillary endothelium to neurons. Previous studies (10, 17, 32) of in vivo PYR utilization in rats and humans show that PYR is rapidly transported across the blood-brain barrier and utilized by neuronal tissue. In addition, a recent review (16) of MCT isoforms reveals that the the Michaelis-Menten constant (K m ) for PYR transport in vascular endothelium of the blood-brain barrier is near 1 mM. Thus the 5 mM blood levels of PYR attained in this study are more than sufficient to increase PYR delivery to astrocytes for transport to neuronal tissue. However, the relatively low interstitial PYR levels (0.43 mM) compared with the arterial levels may be due either to limited transport capacity of the MCT system and/or rapid utilization of PYR by astrocytes and neurons. Although there are no available studies that completely define the use of PYR as an alternative metabolic source for the cerebral cortex in vivo, existing evidence (16) suggests that it rapidly crosses the bloodbrain barrier and serves as an alternative neuronal energy and or redox substrate with a transport affinity that is 3-and 10-fold greater than for lactate or ketones, respectively.
The cerebral cortical energy-related parameters evaluated in this study could indicate that production of ATP was preserved and/or its depletion attenuated by the administration of PYR. In contrast to vessel occlusion or complete cardiac arrest, hemorrhagic shock represents a low-flow state with the limited cerebral delivery of O 2 and glucose. Thus the inability of the cerebral cortex to stabilize ATP during hemorrhagic shock could be related not only to relative substrate (O 2 ) deprivation but also to the limited capacity and/or inhibition of energy-yielding metabolic pathways. Within this context, the beneficial effects of the PYR treatment on cortical ATP biopsy content and the microdialysis indicators of ATP degradation is probably related to the ability of PYR to enhance ATP production through mitochondrial mechanisms and/or relief of NADH inhibition of GAPDH. There are two potential major areas where PYR could facilitate mitochondrial ATP production: 1) the PYR dehydrogenase complex, and 2) mitochondrial respiratory function. The PDH complex is the primary point for control of carbohydrate entry into the citric acid cycle for end oxidation. During cerebral ischemia-reperfusion, reversible inhibition occurs through phosphorylation of the PDH complex (8, 25, 36, 45) . This reduces the delivery of acetyl-CoA carbon and PYR-reducing equivalents to the mitochondrial matrix for NADH production, oxidative phosphorylation, and ATP production (26, 40) . However, PYR also directly increases the activity of the PDH complex by inhibiting its phosphorylation by PYR dehydrogenase kinase (25) . The increased PYR levels and the enhancement of PDH activity in combination with PYR carboxylation by the mitochondrial carboxylase results in anaplerosis of the citric acid cycle and maximizes mitochondrial NADH (26) . Thus the PYR-increased availability of NADH in the mitochondria (40) , in conjunction with the decreased NADH in the cytosol through the L/P-induced changes in the redox potential, increases the mitochondrial transmembrane H ϩ gradient. This can facilitate oxidative phosphorylation and improve the ability of the cell to adapt to changing energy demands (26, 40) .
A second potential mitochondrial mechanism that could be positively affected by PYR is the reversal of peroxynitrite-mediated inhibition of mitochondrial respiratory function. In low concentrations, NO modulates mitochondrial respiration by competing for the O 2 -binding site of cytochrome oxidase (4). During cerebral ischemia there is a substantial increase in nitric oxide (NO) production. Because of competitive inhibition, higher concentrations of NO result in a stronger inhibition of respiratory function with a subsequent decrease in ATP production. This inhibition is reversed only by removal of NO or by increased O 2 content (15) . NO inhibition of cytochrome oxidase is effectively reduced by the reaction of NO with the superoxide anion resulting in the formation of peroxynitrite (37) . However, prolonged peroxynitrite exposure can inactivate complex I-III with a further reduction in respiration (5, 7, 24) . PYR has the potential to modulate peroxynitrite-induced respiratory dysfunction in two ways. The first is through decreases in the cytosolic NADH/NADredox couple (26, 40) . This decrease in the cytosolic redox state results in a decrease in superoxide anion levels and thus peroxynitrite production (33) . Second, through anaplerosis there is an increase in the Krebs cycle intermediates oxaloacetate and citrate. This results in inhibition of phosphofructokinase and shunt-ing of glycolytic hexose moieties to the pentose phosphate shunt. This increases NADPH, which is necessary for the maintenance of reduced glutathione, the intracellular scavenger of peroxynitrite (9, 23, 43) .
Other differences between the PYR-treated animals and the controls that could have had a beneficial effect on the cerebral cortical ATP content and glutamate release are the differences in systemic acidosis and cardiovascular function. PYR definitely prevented systemic acidosis from H 90 through the end of the protocol. This difference could be secondary to the metabolic proton-scavenging effects of PYR. Alternatively, the delivery of sufficient quantities of sodium chloride can enhance systemic acidosis (38) . However, the evidence to implicate systemic acidosis as a factor in the deterioration of cerebral metabolic status during decreased cerebral blood flow is limited (21, 35, 41) . Indeed, recent studies (1, 11, 22) of HTS-induced hypernatremia and acidosis on cerebral outcome during ischemia and trauma provide conflicting data regarding a potential detrimental effect. However, based on this study, there was an equivalent level of hypernatremia in the PYR and HTS groups, but the association between the prevention of acidosis and maintenance of cerebral cortical metabolic status cannot be dismissed. Another potentially confounding factor is the possibility of significant differences in cerebral blood flow between the PYR and control animals secondary to the higher cardiac index in the later stages of the protocol. However, the impact of this possibility is limited because differences in cardiac function were evident only after H 150 , which is beyond the time that differences in cerebral ATP content, glutamate release, and ECOG deterioration were observed.
In conclusion, our findings reveal a novel method of decreasing the deleterious effects of hypotension by using PYR to improve energetic and redox status of the cerebral cortex. The effect of the improved ATP stability was to minimize deterioration of electrophysiologic function and strongly attenuate neuronal glutamate release during severe hypoperfusion (Fig. 4) . This decrease in glutamate release will minimize the secondary excitotoxic damage on neurons in the cerebral cortex. However, this study does not establish a threshold blood level of PYR for these beneficial effects. If the kinetics of the MCT system is the limiting factor in neuronal PYR utilization, then doses as low as 2-3 mM should also be effective. Furthermore, whereas PYR was effective in preventing ATP depletion during prolonged hypotension, the precise mechanism or combination of mechanisms remains unclear. This finding could be associated with the higher cardiac index during the last hour of the protocol. Another possibility is the PYR attenuation of the potentially detrimental effects of systemic acidosis. On a cellular basis, there is supporting evidence from previous work to suggest that PYR-induced increases in PDH activity can improve metabolic function. In addition, the theoretical advantages and relative impact of decreases in peroxynitrite generation and improved GSH scavenging are unknown. Thus the eventual decline in cortical biopsy ATP content at 4 h in the PYR group is not fully understood, but could reflect inactivation of PDH despite sustained levels of PYR and/or high levels of NO/peroxynitrite that are cytotoxic. This study provides further evidence to support the conceptual framework for metabolic substrate manipulation of cellular metabolism to minimize injury. Future studies targeted at defining the global and mitochondrial mechanisms modulating the beneficial effects of PYR will aid in the translation of these observations into increased survival and functional status after resuscitation.
